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Abstract 
Metals can be machined with high quality by laser chemical processing. In this process, an etching liquid is injected coaxially to 
a laser beam directly into the irradiated area, leading to a material removal via chemical dissolution of the metal. It is shown that 
the reaction is temperature driven independent of the laser wavelength. A limiting factor is the diffusion of the anions identified 
by comparing experimentally determined and calculated diffusion coefficients for the reaction products. As applications, the 
fabrication of electron beam apertures and the finishing of micro forming tools are shown. 
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1. Motivation / State of the Art 
In industry lasers with nanosecond pulses are recognized as a rapid and efficient tool for machining micro 
features into hard to machine materials. Laser machining using nanosecond pulses exhibits no material restrictions, 
if a suitable laser beam source is chosen. A severe problem with laser ablation consists in the incompatibility of high 
ablation rates and good surface qualities [1]. High ablation rates are usually connected with strong mechanical 
damages of the surface and a significant heating of the material [2]. Laser chemical removal, which allows surface 
heating without surface melting or vaporizing, requires a low power density. Therefore, detrimental thermal effects, 
recast or re-deposition of evaporated material can be avoided [3]. Laser thermochemical etching of metals can be 
achieved in solutions of acids using cw lasers in the VIS or NIR region. Compared to electrochemical machining, 
which also allows the processing of conductive materials regardless of their hardness [4], the aspect ratio is much 
smaller [5], but better resolution [6] and surface roughness [7] can be achieved. Therefore, laser chemical etching is 
quite suitable for machining thin free-standing foils with high precision. 
In particular, the finishing of micro forming tools is of great interest in metal forming, which is one of the most 
economic and efficient methods for the production of components at high numbers of pieces. For applying such 
processes to the production of micro parts in the range of some hundreds of microns, the development of suitable 
techniques and tools becomes crucial. Apart from new micro forming techniques such as laser shock forming [8] 
and laser-based free form heading [9], classical forming methods such as deep drawing [10,11] and rotary swaging 
[12] can be adapted. Here, the appearing size effects have to be considered for the construction and finishing of 
micro forming tools. Such a finishing can be realised by chipping methods, for example micro milling [13,14]. 
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However, micro-cracks can result in the case of mechanical machining. In addition, some micro forming tools such 
as deep drawing dies feature surfaces and edges that are difficult to achieve when using micro milling tools. Here, 
laser-chemical material processing offers a suitable solution for the finishing of micro forming tools. 
2. Experimental 
The setup for laser chemical machining consists of a cw laser operating in its fundamental Gaussian mode and a 
coaxial etchant jet-stream. Investigations into the mechanisms were performed using two different laser systems, a 
Nd:YAG laser with an wavelength of 1064 nm and a power of 16 W and an Ar-ion laser with a wavelength of 
514 nm and a power of 2.5 W. For the machining applications a fiber laser at 1080 nm with a maximum power of 
300 W was used. The jet-stream is induced by a jet nozzle with an inner diameter of 2 mm. The focus diameter of 
the machining laser beam can be varied by the combination of a Kepler telescope and a focussing lens in order to 
adjust the power density. The feed rate of the workpiece is controlled by a xyz-linear stage that allows adjusting the 
work piece surface in relation to the focal position. As shown in Figure 1, the workpiece is placed in an etchant cell. 
For the presented work, 5-molar phosphoric acid (H3PO4) was used as etchant. By the etchant jet-stream, the fast 
exchange of the needed reactants is realized. The flow rate can be varied by a pump module between 2 and 20 m/s. 
 
Figure 1. Setup for laser chemical machining and functional schematic of the laser-induced chemical material removal 
3. Mechanisms 
To identify the mechanisms of the process, the removal rates for both the Nd:YAG and the Ar-ion laser system 
were determined varying the laser power. Additionally, the surface temperatures depending on the laser power, the 
focal spot diameter and the thermal conductivity of the used material were calculated [15]. The temperature 
distribution in the material as a function of the laser light flux density at the surface is described by the heat 
conduction differential equation. In the one-dimensional case and assuming a constant flux density the surface 
temperature TSC for a semi-infinite solid body can be described as a function of laser power: 
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where Ropt is the wavelength dependent optical reflectivity of the material, d the focal diameter, K the thermal 
conductivity and T0 the initial temperature of the body. Figure 2 shows a plot of the removal rates vV normalized to 
the laser spot area Fd against the surface temperature calculated by Eq. (1) for both laser systems for the material 
nickel. According to this, equal temperatures lead to equal normalized removal rates for different laser wavelength 
and spot diameters. Therefore, the reaction leading to material removal depends only on the material surface 
temperature and not on the absorbed laser wavelength. 
Andreas Stephen / Physics Procedia 12 (2011) 261–267 263
0
5
10
15
20
25
0 100 200 300 400
surface temperature TSC
n
o
rm
al
iz
ed
 r
em
o
va
l r
at
e 
v V
/F
d
Ar-ion
Nd:YAGμm/s
°C
Laser
Material
Ni
Feed
10 μm/s
Etchant
H3PO4/H2SO4
Flow
1 m/s
 
Figure 2. Dependence of the removal rates normalized on the laser spot area on the calculated surface temperature for nickel using laser systems 
with different wavelength 
To investigate transport limitations of the process, the diffusion coefficients of the reaction products were 
calculated and compared with experimentally determined ones [15]. Diffusion coefficients in liquids can be 
described by the Stokes-Einstein equation: 
 
06 R
Tk
D BSK 
  (2) 
 
where kB = 1.38 J/K is the Boltzmann constant, T the absolute temperature, K the dynamic viscosity of the liquid 
and R0 the radius of the diffusing particles. As the dynamic viscosity is a function of the temperature, the 
dependence of the diffusion coefficient on the temperature is nonlinear. The dynamic viscosity of liquids can be 
described by the Arrhenius-Andrade equation: 
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where R = 8.314 J/mol K is he universal gas constant, K0 a material specific constant and EA the activation 
energy. The material constant and the activation energy can be calculated from tabulated values of the viscosity for 
different temperatures. The viscosity for 5 M phosphoric acid at room temperature is 2.8 mN s/m2 [16]. The 
calculated temperature dependent diffusion coefficients for the reaction educts and products as well as the 
experimental ones are shown in Figure 3. For the calculation Eq. (2) was used with atomic respectively covalence 
radii of hydrogen (30 pm), Ni/Ti (135/140 pm), phosphate (179 pm) and oxygen (60 pm) [17]. The experimental 
diffusion coefficients were determined by analysis of the temporal evolution of the maximum removal depth hmax 
according to: 
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The experimentally determined diffusion coefficients match quite well with the calculated ones for the phosphate 
anions. Accordingly, the transport of the anions is the limiting reaction sub-step. 
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Figure 3. Calculated diffusion coefficients for the reaction educts/products and the experimental values in dependence on the temperature for the 
chemical dissolution of NiTi in phosphoric acid 
4. Comparison with direct laser ablation 
Direct laser ablation mainly removes material as vapor, hence, requires the delivery of a high power density 
within a very short interaction or pulse time. This leads, as can be seen in Figure 4(a) for the material nitinol, to 
recast layers, burrs and droplets at the machining edge. For machining grooves, even with ps or fs laser pulses this 
can not be completely avoided [18]. Furthermore, micro cracks often appear at the sidewall of the structure. The 
laser chemical machining, which relies on surface heating without melting, offers a number of advantages in 
comparison to direct laser ablation. Due to the required low laser power density, melting is avoided, resulting in 
high-precision cutting edges without burrs and debris, as can be seen in Figure 4(b). Further, micro-cracks do not 
occur. An interesting fact is that the machining examples in Figure 4 are both processed at an identical average laser 
power of 8 W. Indeed, for direct laser ablation a pulse length of 100 ns and for laser chemical machining cw laser 
radiation was applied. The achieved average surface finish Ra of laser chemical manufactured surfaces amounts to 
0.3 ȝm, corresponding to a tenth of the resulting Ra-value for direct laser ablation techniques [19]. The achievable 
minimum structure sizes lies in the range of 10 μm. Disadvantageous are the low removal rate in the range of 10-
2 mm3/min and the low aspect ratio of 10, compared to approximately 100 mm3/min and 50 for direct laser ablation. 
a)   b)  
Figure 4. Comparison of machining quality for nitinol; (a) direct laser ablation; (b) laser chemical machining 
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5. Applications 
As the process is contact-free without any burrs or debris using only low laser powers, it is well suitable for 
machining free-standing thin foils. One application in that field is the fabrication of electron beam apertures. In this 
case, the challenge is to achieve absolutely parallel and sharp cutting edges with a tolerance of r 1-2 μm over a 
distance of about 30 mm. This is possible with laser chemical machining, as can be seen in Figure 5. 
a)  b)  
Figure 5. Electron beam aperture machined by laser chemical machining; (a) front side; (b) back side 
As an example of a micro forming tool, rotary swaging jaws were machined in order to chamfer the edged 
transition section between the operating sphere and the tool flank. The semi-finished micro rotary swaging tools 
made of Stellite 21 were generated by Selective Laser Melting (SLM) [20]. After the generative SLM-process, the 
tools were precision-milled in order to realise an accurate operating sphere for the rotary swaging process. The used 
cobalt base alloy Stellite 21 shows a very low friction coefficient as well as a high resistance to corrosion and 
mechanical wear [21,22]. Therefore, it is often used in demanding fields of application, for example for the 
production of implants. Due to its mechanical properties, it is also a well-suitable basic material for long-living tools 
such as deep drawing dies and rotary swaging jaws. Stellite 21 is a well-machinable material when applying the 
introduced laser chemical processing. 
For finishing the above mentioned section of micro rotary swaging jaws, three parallel laser paths were applied. 
The distance between the laser paths was 4 μm, corresponding to half the resulting removal diameter that was 
evaluated experimentally. For the three parallel laser paths, several combinations of laser powers P1-3 (where P1 is 
the middle path) and feed rates v1-3 were studied as shown in Figure 6. For this purpose, the laser power was varied 
from 5 to 20 W at feed rates from 5 to 15 μm/s. Thus, 30 different sets of parameters were investigated 
experimentally. 
 
Figure 6. Superposition of three parallel laser paths for rounding tool edges of rotary swaging jaws 
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The resulting geometry was measured using a tactile surface profile measurement instrument “Formtracer CS-
5000 CNC” from Mitutoyo. As a result, four particular sets of parameters were determined to be appropriate for a 
defined circular rounding of the transition section of micro rotary swaging jaws. These sets of parameters and the 
resulting radii Rts are listed in Tab. 1. 
Table 1. Determined sets of parameters for circular rounding off of micro rotary swaging tools 
Set of parameters No. P1 (W) P2 (W) P3 (W) v1 (μm/s) v1 (μm/s) v1 (μm/s) Rts (μm) 
1 15 5 5 10 10 10 79 
2 15 10 10 15 15 15 95 
3 20 5 5 10 10 10 125 
4 20 20 20 15 15 15 125 
 
As an example, Figure 7 shows a rotary swaging tool and the tactile measured geometry of the rounded transition 
section between operating sphere and tool flank that was structured by applying the set of parameters No. 3 (see 
Tab. 1). The dotted line represents the initial shape after precision-milling. The blue curve indicates the measured 
contour after laser chemical rounding. The achieved rounding fits quite well with the desired radius of 125 μm 
needed for micro rotary swaging. Nevertheless, there are deviations of some microns which shall be reduced in the 
future by applying more than 3 laser paths or by implementing a closed loop control. In order to check the 
reproducibility of the above mentioned results for rounding, selected sets of parameters were applied for verification 
experiments. For the combinations of laser powers and feed rates, which are presented in Tab. 1, comparable results 
were obtained. 
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Figure 7. Rounded rotary swaging tool; (left side) photograph of the tool; (right side) contour of the initial and finished shape 
6. Conclusion 
Laser chemical machining in a reactive fluid jet is driven by the temperature dependent proton activity of a redox 
reaction. Thus, the laser supports the kinematic of dissolution and has no melting effects. The radiation wavelength 
has an indirect influence by the differences in the absorptivity of the machined material, but no direct one. The 
processing speed is limited by the diffusion of the anions formed during the redox reaction, in this case phosphate 
ions, from a certain depth of removal on. In comparison to direct laser ablation the removal rate and aspect ratio are 
smaller, but melting or thermal effects do not occur and the surface quality is higher. Therefore, the process is 
especially suitable for the finishing of micro forming tools, e.g. micro rotary swaging tools. As shown, a defined 
circular rounding in the micrometer range needed for such tools can be achieved by applying only three parallel 
laser paths. 
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